An investigation is intended to establish suitable parameters for a simple shaped charge mechanism (SCM) assembly that can be utilized for small scale hydrodynamics penetration test. Some basic features of the SCM parameters were based on previous researchers' findings. Three sets of tests were conducted to verify parameters such as cone liner angle and thickness, material of charge (explosive) casing and standoff distance (SoD). Single and welded stacks of mild steel plates and Aluminium blocks were used as targets. Two type of explosive were used, military grade plastic explosive (PE) or C4 and a commercial grade explosive, Emulex 700. A simple but effective compressing mechanism was developed to eliminate air pockets and maximised the explosive density. The SCM parameters were improved through series of tests and results have shown that hydrodynamic penetrations have taken place in every test conducted. Suitable small scale SCM parameters were successfully established which can be utilized for future study on hydrodynamics penetration.
Introduction
Shaped charge (SC) is an explosive mechanism used to penetrate thick targets such as an armoured plate, stone boulder or for digging into soil. The term shaped charge was taken from the shape formed at the explosive end. These shapes can be made by fitting a concaved shaped metal liner which will provide density to the hydrodynamic jet produced by the blast for improved penetration (Poole, 2005) . The liner shape is usually hemisphere, conical or trumpet (Walters & Zukas, 1989) . The most commonly used are copper cone liner but other liner materials include zirconium, aluminium, steel and depleted uranium (Bourne, Cowan, & Curtis, 2001; Doig, 1998; Held, 2001) . When a SCM is detonated, the metal liner is compressed and squeezed forward, forming a hypervelocity jet of up to 12 km/s (Poole, 2005) . Simplified shaped charge events are shown in Figure  1 . The SCM as shown in Figure 1 (a), when initiated produces detonation wave that traverses the charge and expand the casing (b). The liner begins to 'collapse' followed by a significant acceleration that initiates the stretching jet. The liner continues to collapse with increasing jet acceleration (c) and finally stretches in a sword-like feature (d).
(a) (b) (c) (d) Figure 1 . A sequence of events in shaped-charge jet formation www.ccsenet.org/mas Modern Applied Science Vol. 10, No. 1; 2016 The metal liner collapse and formation of jet is called a shaped charge Monroe-effect. It is capable of creating a long, slender, almost perfectly-axisymmetric cavity in the target (Poole, 2005) , penetrating an armoured plate equal to 150 -250% of the warhead diameter. The penetration on metal target also has proven to exhibit both hydrodynamic and plastic deformation (GlobalSecurity.org, 2011) behaviour.
Basic Shaped Charge Configuration
A basic shaped charge mechanism as shown in Figure 2 consist of charge casing, cone liner, explosive and booster-detonator.
Figure 2. Basic shaped charge mechanism (Walters, 2007) 
Cone Liner
In 1988, a shaped charge experiment using high-performance explosive in cylindrical case with a conical cavity lined with thin aluminium has succeeded in achieving a hypervelocity impact of 11 km/s (Kibe & Matsushima, 2002) . Another test has shown a high precision and relatively consistent result from shaped charge using a relatively pure copper cone liner (Baker, Pham, Madse, Poulos, & Fuchs, 2013) . It was assumed earlier that the jet tip velocity is relatively insensitive to the liner manufacturing methods, grain size, and strength. However, an experiment in 2007 has proven otherwise (Ouye, Boeka, & Hancock, 2007) . Previous experiments also demonstrate better penetration results using copper cone liner with cone angle of 42° (Bolstad, Mandell, & Mendius, 1992) .
Standoff Distance (SoD)
Standoff distance (SoD) is a distance between the front of the liner and the target (Poole, 2005) . It is observed that a longer jet leads to deeper penetration, and so the appropriate stand-off must be estimated to maximise the jet length. (Poole, 2005) A moderate SoD is suggested to be 3 x CD (Saran, Ayisit, & Yavuz, 2013) . The relationship between SoD and penetration depth is shown in Figure 3 . 
Explosive Material
The most common explosive used in high performance anti-armor warheads is HMX (Octogen: Cyclotetramethylene tetranitramine (Cooper, 1996; Bolton, Simke, Pagoria, & Matzger, 2012) ; VoD = 9,400 m/s, Density = 1.91 g/cm3). HMX is normally compounded with a few percent of some type of plastic binder, such as in the polymer-bonded explosive (PBX) LX-14, or with another less-sensitive explosive, such as TNT (Trinitrotoluene (Cooper, 1996; Bolton et al., 2012) ); VoD = 6,900 m/s, Density = 1.60 g/cm3), with which it forms Octol (globalsecurity.org, 2011). Other common high-performance explosives are RDX-based compositions (Cyclotrimethylenetrinitramine (Cooper, 1996; Bolton et al., 2012) ; VoD = 8,750, Density = 1.76 g/cm3). Some explosives incorporate powdered aluminium to increase their blast and detonation temperature, but this addition generally results in decreased performance of the shaped charge. There has been research into using the very high-performance but sensitive explosive CL-20 (Hexanitrohexaazaisowurtzitane (Cooper, 1996; Bolton et al., 2012) ; VoD = 9,500 m/s, Density = 2.04 g/cm3) in shaped-charge warheads, but, at present, due to its sensitivity, this has been in the form of the PBX composite LX-19 (CL-20 and Estane binder) (globalsecurity.org, 2011). Explosives used in these test are Plastics explosive, C4 (VoD = 8092 m/s at density = 1.72-1.75 g/cm3) (U.S. Department of the Army Headquarters, 1990), and a commercial explosive, EMULEX 700 (Tenaga Kimia Sendirian Berhad, 2014) , (VoD = 5000-5500 m/s at density = 1.15-1.20 g/cc).
Method
The tests were conducted in two phases. Phase one is a preliminary experiment to test the parameters of the designed SC mechanism assembly and phase two is to test the performance of the improved SC mechanism assembly.
Phase 1: Preliminary Test on Basic Shaped Charge Mechanism Parameters
A shaped charge mechanism (SCM) assembly was constructed as shown in Figure 4 with target plate located below the SCM. A variable casing material, standoff height, cone thickness and cone angle were used and tested. Copper Cone liners of thickness 0.5 mm were fabricated as shown in Figure 5 . Two types of explosives were used, i.e. a miltary grade PE no. 4 and commercial explosive, EMULEX 700. Electric detonators were used to initiate the blast.
The shaped charge mechanism and target material setup for the preliminary blast test is shown in Figure 6 . PE was used for these penetration tests using 9 mm mild steel plate as target. 
Phase 2: Penetration Test on Improved Shaped Charge Mechanism
The preliminary tests were observed as discussed in in paragraph 4 after which an improved design and fabrication of the SCM was developed.
Improved Shaped Charge Mechanism (SCM) Assembly
Based on the results and observations from the preliminary tests, an improved design and parameters of the shaped charge mechanism (SCM) assembly is as shown in Figure 7 . A Cone Angle of 42° and 1.0 mm thickness is selected as it is proven to produce better penetration results. Another cone with 0.5 mm thickness was also fabricated to confirm the preliminary test results. A Mild Steel, Aluminium and PVC casing was fabricated for testing using military grade explosive PE and a commercial grade explosive, EMULEX. The stand-off height of 2.0 and 2.5 casing diameter was selected for the subsequent tests. Figure 7 . Improved Shaped Charge Mechanism Assembly
To cone was fabricated from a copper sheet by hand and joined using copper brazing followed by a heat treatment to cure the cold working and brazing effect during its fabrication as shown in Figure 8a , 8b, 8c and 8d. 
Preparation of Plastic Explosive
The explosive materials used must be adequately compressed to minimize air pockets inside the shaped charge and to get maximum explosive density thus maximizing the blast pressure results. Therefore, a simple but effective explosive compressing rig was fabricated as shown in Figure 9a and 
Results

Preliminary Test Results
The preliminary test results for penetration using variable cone angles and casing materials are shown in Table 1 . 
Improved Shaped Charge Mechanism Penetration Test Results
Eight blast tests were conducted using the improved SCM using military grade explosive PE and commercial grade explosive EMULEX. Results are tabulated and illustrated in Table 2 and Table 3 respectively. 
Preparation of Plastic Explosive
The density of the explosive has a direct bearing on its power, velocity and consistency of action. The PE should be prepared and compressed into the casing just prior to the experiment in a cool and dry environment to minimize heat exposure. Based on the less convincing results of the preliminary tests, a compressing mechanism was fabricated as shown in Figure 8 . For all test using PE, the compressed PE average density is measured to be 1.474 g/cm 3 .
Hydrodynamic Penetration
The blast tests for penetration of targets using the improved SCM were successfully conducted with positive results. Visual examinations shows the blast have produced significant penetrations. Evidence of the target surface at the jet entrance were being shoved aside by the penetrating jet and melting of the target plates with traces of molten copper on walls of the penetrated holes are shown in Figure 11a and 11b. These are two important criteria indicating that hypervelocity penetration of a shaped charge mechanism blast, facilitated by molten copper from the cone liner has taken place.
a. Jet Entrance b. Cutway of Jet Penetration Figure 11 . Evidence of molten copper penetration that cause target plates to melt
Copper Cone Parameters
A copper cone with 42° cone angle and 1.0 mm thickness is proven for better penetration results. Uneven distribution of cone collapse is evidence from melted copper which was dispersed on the target plate during blast thus affecting optimum penetration. Hence, cone fabrication need to be improved to ensure simultaneous and uniform collapse to maximised concentration of liquid metal jet for the penetration. New cones were fabricated (as shown in Figure 8 ) using copper-silver (Cu-Ag) brazing methods at the join followed by heat treatment below the brazing material melting temperature. For both the mild steel and Aluminium casing, the 1.0 mm copper cone liner produces better penetration than the 0.5 mm cone thickness.
Casing Material
These second test results are shown in Table 2 and 3 to verify casing material performances on the hydrodynamic penetration. The tests were intended to investigate the effects of casing materials on the penetration and not to compare between the military and commercial grade explosives. A Mild Steel, Aluminium and PVC casing were fabricated. A military grade PE was used in the first 4 test and a commercial grade EMULEX explosive were used in the second. Results from serial 3 of Table 2 ; for Aluminium casing with 1.0 mm cone liner shows residual molten copper that does not penetrate the target. This result as highlighted in Figure 12 may be caused by the ability of the Aluminium casing to hold enough pressure to push through the molten copper through the target plate. It is proven from both tests that the higher strength material makes better SCM casing thus produced better penetration results. 
Stand-Off Height
Variable stand-off height was set during the 1 st preliminary test which later utilizes SoD of 2.0, 2.5 and 4.0 CD. All tests utilizing 2.5 CD (75 mm) standoff gave better results and were also proven by subsequent tests utilizing EMULEX explosive as shown in Table 3 .
Explosive Material
Two types of explosive were used throughout these experiments that is Military Grade Explosive PE and a commercial grade explosive EMULEX. The Military Grade Explosive PE have resulted a significant hydrodynamic penetration. The penetration depths caused by EMULEX were significantly shallow due to the lower explosive VoD. Since EMULEX is easier to obtain, it may be used in future studies. However, some modifications in the SCM parameters may be required to obtain better penetration results.
Conclusion
A proof of good hypervelocity penetration results during the preliminary blast test using mild steel casing and a 1.0 mm cone thickness have resulted in an improved SCM parameters. All subsequent tests have been successful and visual examinations have proven that hypervelocity penetration of molten copper jet have taken place successfully. Examining data collected from all tests, a new set of SCM parameters for future test was concluded. For consistency of future test results, the SCM will be fabricated using dimensions as shown in Figure 6 . A mild steel casing with 30 mm inner diameter and 4mm thickness will be fabricated and fitted with copper cone liner of 1 mm thickness and 42°cone angle. The SoD will be fixed at 2.5 CD and fabricated using aluminium or PVC tube to hold the casing and cone liner. The overall dimensions of 50 mm in diameter and 200 mm in height is a suitable laboratory scale SCM size for future blast test to investigate a shaped charge hypervelocity penetration phenomena.
